Increasing evidence suggests that regular physical exercise improves type 2 diabetes mellitus (T2DM). However, the potential beneficial effects of swimming on insulin resistance and lipid disorder in T2DM, and its underlying mechanisms remain unclear. Materials and Methods: Rats were fed with high fat diet and given a low dosage of Streptozotocin (STZ) to induce T2DM model, and subsequently treated with or without swimming exercise. An 8-week swimming program (30, 60 or 120 min per day, 5 days per week) decreased body weight, fasting blood glucose and fasting insulin. Results: Swimming ameliorated lipid disorder, improved muscular atrophy and revealed a reduced glycogen deposit in skeletal muscles of diabetic rats. Furthermore, swimming also inhibited the activation of Wnt3a/β-catenin signaling pathway, decreased Wnt3a mRNA and protein level, upregulated GSK3β phosphorylation activity and reduced the expression of β-catenin phosphorylation in diabetic rats.
Introduction
Type 2 diabetes mellitus (T2DM) is a complex, chronic metabolic disease of multiple etiologies characterized by chronic hyperglycemia with disturbed carbohydrate, fat and protein metabolism. Insulin resistance (IR) is a hallmark in the majority of individuals with obesity or T2DM (1) . Insulin primarily acts on liver and fatty tissues, as well as skeletal muscles. It is well established that skeletal muscle plays a central role in the whole body IR (2, 3) . Several cytokines have been evidenced that can be synthesized by skeletal muscle cells in T2DM and are possibly involved in IR.
The Wnt signaling system, comprising extracellular factor (Wnt), transmembrane receptors (frizzled), cytoplasmic protein ( -catenin), nuclear transcription factor (TCFS/LEF), and a series of proteins, plays a critical role during embryonic development and oncogenesis (4) . Many recent studies have shown that the canonical Wnt/ -catenin signaling pathway plays a well-established role in the metabolic syndrome, especially T2DM, which regulating pancreas development as well as islet function, insulin production and secretion both in vitro and in vivo (5, 6) . In Streptozotocin (STZ)-induced diabetic rat models, the expression of Wnt/ -catenin signaling pathway is activated, and -catenin was upregulated in the islet regeneration process to promote the regeneration of damaged pancreatic islet cell (7) . Rulifson et al. proved that there was an increase in β-catenin expression by Wnt3a treated islet β-cells, which provoked the proliferation of β-cells and ultimately signaled for increased insulin synthesis and secretion (8) . The results showed that the activation of Wnt/ -catenin signaling pathway can promote the healing of diabetic wounds.
Exercise represents a physical stress that transiently disrupts homeostasis, and the working skeletal muscle is clearly the organ most directly affected during physical activity (9, 10) . It is well established that continuous physical exercises could enhance the body's propensity to use and absorb glucose by interfering with some molecular signaling pathways. One of the most credible mechanisms that explain the molecular antidote of diabetes type 2 is the improvement of metabolic system with exercise in order to reduce insulin resistance prevalence in skeletal muscle (11) (12) (13) . However, to date, little is known about whether insulin resistance alleviated through physical exercises is associated with Wnt/ -catenin signaling in T2DM, and the detailed mechanisms involved remain to be verified.
In the present study, we investigated this hypothesis that Wnt/ -catenin signaling pathway may play an important role in skeletal muscle ameliorating insulin resistance in T2DM mice and aimed at providing a reliable experiment basis for clinical practice.
Materials and Methods

Animals
Fifty-six male Sprague Dawley rats, weighing 200-220 g were bred in the Center of Experimental Animal, Xuzhou Medical University, where an SPF level laboratory (24 ± 1 °C; humidity of 45% to 55%, 12:12 dark/light cycle) was founded, as authorized by the Jiangsu province government. Animals were allowed food and water ad libitum before and during the experiment. Experiments were performed on rats aged between 8-10 weeks.
One week after feeding adaptation, the rats were randomly divided into normal group (N) and diabetic model (DM), and were given standard diet and high fat diet for 8 weeks. The rats were fasted for 12 hr and subjected to a single intraperitoneal injection of 30 mg/kg STZ, which was freshly dissolved in 100 mmol/l sodium citrate buffer (pH 4.5). Normal rats received sodium citrate buffer only. On the third day of STZ administration, the fasting blood glucose (FBG) value was determined by a reagent kit. Rats with FBG levels higher than 13.9 mmol/l were considered to be diabetic. Fat diet was purchased from the Laboratory Animal Hayes Laikang Co. and the feed formulation include 74% basal mouse material, 10% lard, 7% sucrose, 5% casein, 2% fish meal, 2% maltodextrin and 0.1% methionine. All experiments were performed in accordance with Guide to Laboratory Animal Ethics Examination of Xuzhou Medical University, and relative animal experiments are permitted.
Exercise programs
Weight-unloaded swimming training was performed in this study, with slight modifications. Swimming took place in a 200 cm container filled with water to a depth of 50 cm and maintained at 30 °C. Rats were acclimatized to the training pool for one-week prior to swimming training. Acclimation entailed swimming for gradually increasing times (10, 20, 30, 40, 50, 60 , and 70 min/d). After adaptation training, 38 rats were randomly divided into three groups: less-intensive group (LM group, rats swimming for 30 min), moderateintensive group (MM group, rats swimming for 60 min), high-intensive group (HM group, rats swimming for 120 min). These groups of rats were allowed to swim five times a week and training applied for 8 weeks.
Sample collection and preparation
After 8 weeks of swimming exercise, rats were sacrificed after fasting them for 12 hr. Samples of blood was collected from the abdominal aorta, and the serum samples were harvested and stored at -20 °C for detection of blood biochemical indicators. At the time of euthanasia, the gastrocnemius was isolated after which a fraction of the samples was fixed in 4% paraformaldehyde while the remaining tissues were stored at -80 °C for subsequent biochemical analysis.
Blood biochemical indicators detection
Rats fasted insulin levels (FINs) was detected by ELISA method and the level of fasting blood glucose (FBG), triglyceride (TG), total cholesterol (TC), low density lipoprotein (LDL), high density lipoprotein (HDL) were evaluated by semi-automatic biochemical analyzer.
Histology analysis
The gastrocnemius were fixed in 4% paraformaldehyde and embedded in paraffin. Sections of 3 μM thickness were cut perpendicularly to the long axis of the gastrocnemius for HE and periodic acid-Sciff (PAS) staining. HE staining was used to observe the changes in morphological structure of the gastrocnemius. For the degree of glycogen deposited in skeletal muscle, the sections were stained with PAS. The sections were examined using Olympus BX43F microscope (Tokyo, Japan). The three most central sections of each defect were analyzed.
Western blotting analysis
Gastrocnemius were harvested in lysis buffer containing 50 mmol/l Tris (pH 7.6), 150 mmol/l NaCl, 1 mmol/l EDTA, 1% NP-40, 1 mmol/l PMSF, 1 mmol/l Na3VO4 and 20 mmol/l NaF. The supernatant was decanted after centrifugation at 12,000×g at 4 °C for 15 min. The protein concentration was determined using bicinchoninic acid protein assay (BCA Protein Assay Kit, Pierce Thermo-Scientific, Rockford, IL, USA) according to the manufacturer's instructions. For immunoblotting, an equal amount of protein (60 μg) was loaded into 8% SDS-PAGE and transferred onto Immobilon-NC Transfer Membrane (Millipore, Bedford, MA, USA). The membranes were blocked in PBS containing 2% BSA for 1 hr at room temperature, followed by incubation with primary antibodies overnight at 4 °C. The primary antibodies against β-catenin, phospho-β-catenin (Ser33/37/Thr41), GSK3β, phospho-GSK3β (Ser9), were obtained from Cell Signaling (Beverly, MA, USA), Wnt3a antibody was purchased from Abcam (Cambridge, UK) and β-actin antibody was obtained from Bioworld Technology (St. Louis, USA). The membranes were colorimetrically developed using fluorescent marked secondary antibody (Beyotime Institute of Biotechnology, Nantong, China). The quantification was performed through the measurement of the signal intensity using ImageJ software (National Institutes of Health, Bethesda, MD, USA). 
RNA isolation and real-time quantitative RT-PCR
Total RNA was isolated from gastrocnemius using trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The cDNA was synthesized using 1 μg of total RNA and reverse transcribed using the RT-ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Gene expression was measureed through real-time PCR using 0.2 μmol/l genespecific primers and 1×LightCycler 480 SYBR Green I Master Mix (Roche Applied Science, Mannheim, Germany) in a total volume of 10 μl. The PCR reactions were performed on a Light Cycle 480 System (Roche Applied Science, Mannheim, Germany) using a thermal profile of 10 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C, 30 sec at 60 °C, a melting curve of 15 sec at 95 °C, 60 sec at 60 °C, heating to 95 °C and cooling for 30 sec at 4 °C. PCR primers sequences used were as follows: Wnt3a, forward TCC GAC TCT TGG CAG AAC TT and reverse AAT GGA ATA GGT CCC GAA CA; β-catenin, forward TGC TGA AGG TGC TGT CTG TC and reverse TCG GTA ATG TCC TCC CTG TC; GSK3β, forward TTT GCT CCC TTG TTG GTG TT and reverse AGG CTG TGT GTT GGC TGA AT; β-actin, forward CCC ATC TAT GAG GGT TAC GC and reverse TTT AAT GTC ACG CAC GAT TTC. The results were analyzed using the LightCycler 480 software (version 1.5, Roche Applied Science, Mannheim, Germany). The relative levels of mRNA were analyzed using the ΔΔCt method.
Statistical analysis
All data were presented as means±SEM. Groups comparisons were achieved using one-way ANOVA, followed by the Newman-Keuls test. Statistical significance was considered at P<0.05. The statistical analysis was performed using SPSS statistical software (Version 16.0).
Results
Effects of swimming on body weights, FBG, FINs levels and HOMA-IR of diabetic rats
The body weights, FBG and FINs of experimental rats were measured after swim-training for 8 weeks. Compared with the normal rats, the body weights of the diabetic rats increased significantly (P<0.05). However, low, intermediate and high intensive swimming markedly reduced the body weights (P<0.01). FBG, FINs levels and HOMA-IR of the diabetic rats were significantly higher than normal rats (P<0.05 or P<0.01). Swim-training had reduced levels of FINs and HOMA-IR. Furthermore, intermediate and high intensive swimming decreased obviously the levels of FBG in diabetic rats (P<0.05) ( Table 1) .
Effects of swim-training on lipid profile of diabetic rats
TC, TG, LDL, HDL are important blood lipid parameter of obesity T2DM. We examined the blood lipid parameter after swim-training for 8 weeks. The results showed that the levels of TC, TG and LDL in diabetic rats were obviously elevated compared with Figure 1A ). In addition, the levels of TG and LDL in rats showed a remarkable decrease in the groups treated with low, intermediate and highintensive swimming (P<0.05 or P<0.01) ( Figure  1B, D) . Moreover, although the HDL of diabetic rats declined after STZ administration while swimming training had increased levels of HDL in diabetic rats (P<0.05 or P<0.01) ( Figure 1C ).
Effects of swimming on skeletal muscle in diabetic rats
To further determine the effects of swimming on skeletal muscle in diabetic rats, we examined the morphology of muscle bundle by HE staining in Figure  2A . Diabetic rats showed a marked decrease in skeletal muscle fiber cross-sectional area and muscular atrophy compared to normal rats, while low, intermediate and high intensive swimming obviously increased muscle fiber cross-sectional area and improved the muscular atrophy condition in diabetic rats. Moreover, PAS-stained positive areas in muscle of diabetic rats were significantly increased compared with normal controls. Different intensities of swimming effectively reduced glycogen deposited in skeletal muscle ( Figure 2B ).
Effects of swimming on Wnt/β-catenin/GSK3β signaling in skeletal muscle of diabetic rats
To examine possible signaling mechanism involveed in the skeletal muscle of diabetic rats, the protein and mRNA expressions of Wnt/β-catenin signaling, including Wnt3a, the downstream signaling molecules β-catenin and GSK3β, were evaluated. Diabetic rats revealed elevated mRNA levels of Wnt3a in the skeletal muscle, while the mRNA level of β-catenin and GSK3β did not significantly change. Low, intermediate and high-intensive training of swimming blocked Figure 3A) . However, intensive swimming does not obviously alter the mRNA levels of β-catenin and GSK3β induced by diabetic state (Figure 3B, C) .
The levels of Wnt3a and phosphorylation levels of β-catenin (Ser33/37/Thr41) and GSK3β (Ser9) were also examined in the skeletal muscle of diabetic rats. Compared with the normal group, the total Wnt3a and the phosphorylation of β-catenin rose notably in diabetic rats (P<0.01), whereas low, intermediate or high intensive swimming downregulated Wnt3a and its downstream proteins phosphorylation of β-catenin (P<0.05 or P<0.01) (Figure 4A-D) . Moreover, the phosphorylation of GSK3β (Ser9) was also decreased in diabetic rats while elevated after swimming training ( Figure 4E, F) .
Discussion
In this study, we demonstrate that swimming training alleviates insulin resistance in type 2 diabetic rats. The beneficial effects are as follows: 1. Attenuation of high fat diet-induced BW gain, reduced levels of FBG, serum FINs release and HOMA-IR, and reversed IR; 2. Decreased blood lipid parameter, including TC, TG, LDL levels, and increased levels of HDL; 3. Reduced glycogen deposited in skeletal muscle and alleviated muscular atrophy in diabetes condition; 4. Inhibition the protein and mRNA expressions of Wnt3a, reduction its downstream proteins phosphorylation of β-catenin, and upregulation of GSK3β phosphorylation.
Insulin resistance is the important pathophysiological basis of diseases such as T2DM, hypertension, hyperlipidemia, and obesity (14-16). It has been widely accepted that plasma lipoprotein abnormalities are strongly correlated with the IR in muscle and liver tissues, which include reduced HDL cholesterol, increased TC, LDL particles and TG (17) (18) (19) . Longtime excessive intake of high fat could lead to massive fat accumulation in fat cells, consequently resulting in fats flowing to other tissues (20) . Excessive TG and TC accumulations have been known to cause cells damage and to reduce sensitivity to insulin, eventually leading to diabetes and metabolic syndrome (21) . In this study, we fed the rats with high fat and high glucose diet for 8 weeks, after which a low dosage of STZ was administered to induce T2DM. We noticed that high-fat diet induced the increase body weight, lead to massive TC and TG in the blood, serum LDL-C significantly increased simultaneously. We also investigated the effect of exercise on blood lipids and lipoproteins. Comparing with the diabetic ones, the different intensities of swimming significantly reduced body weight, LDL-C, TG and TC and elevated serum HDL-C, which showed that physical training could improve lipid disorder in type 2 diabetic rats. Furthermore, swimming also obviously reduced the levels of FBG, FINs and HOMA-IR in diabetic rats, implying that IR genesis and progress in T2DM rats can be effectively relieved by swimming exercise. This might be due to the fact that swimming could inhibit some reactions that induce the secretion of insulin, or the swimming exercise could improve insulin sensitivity and also lend a hand to glucose homeostasis, therefore ameliorating the symptoms related to T2DM (22-24). Skeletal muscle serves as the largest reservoir of glycogen and it is responsible for more than 30% of energy consumption (19, 25) . So it is the major peripheral tissue of glucolipid metabolism under insulin stimulation. During exercise, glycogen metabolism is been regulated to ensure the immediate availability of glycogen from skeletal muscle store (26). In this study, we observed the morphological changes of skeletal muscle by HE staining, and the PAS staining was used to evaluate glycogen deposition in the tissues. In the diabetic model, skeletal muscle fiber cross-sectional area were obviously decreased and showed a marked muscular atrophy. Swimming could increase muscle fiber cross-sectional area and improve the muscular atrophy in diabetic rats. Glycogen is the main components of extracellular matrix (ECM) in skeletal muscle tissue. The accumulation of ECM is linked to overall metabolic dysfunction in humans (27) . Further, mechanistic studies in rodent models demonstrate that skeletal muscle ECM expansion is a contributing factor to the development of insulin resistance (28, 29) . Animals in the diabetic group showed more glycogen accumulation, while different intensities of swimming effectively reduced glycogen deposited in skeletal muscle. These results suggest that endurance training increased glucose uptake and utilization, and further ameliorate ECM-mediated insulin resistance.
The Canonical Wnt/β-catenin pathway signaling plays a well-established role in the metabolic syndrome, especially T2DM (30) . Recent data puts Wnt/β-catenin signaling pathway in a pivotal role in regulating pancreas development as well as islet function, insulin production and secretion (7, 30) . Wnt3a has been demonstrated to mediate increases in growth and glucose stimulated insulin secretion in the pancreatic β-cell (31) . β-catenin, as the important downstream target of Wnt signaling pathway, controls the transcription of TCF/LEF and other Wnt target genes. Glycogen synthase kinase 3 (GSK3), a key component of the β-catenin destruction complex, phosphorylates β-catenin, leading to its degradation by the proteasome (32). Our results showed that, in the normal ratskeletal muscle, there was silenced canonical Wnt signaling. The mRNA and protein level of Wnt3a was significantly increased in diabetic rats, however, the expression of GSK3β and β-catenin did not change significantly. Interestingly, the upregulation of Wnt3a led to the decrease of GSK3β phosphorylation activity and inhibition of β-catenin phosphorylation, in which it regulates the expression of insulin in pancreatic β-cells. Our result presented data that justifies the inability of the Wnt3a signaling activation to involve the downstream GSK3β and β-catenin genes, but the magnitude of their phosphorylation could be strong enough to regulate glucose and lipid metabolisms.
It is well known that exercise could regulate the metabolism and transcription of the body's skeletal muscle tissue. It was also established that GSK3β and β-catenin signaling are regulated by exercise in human skeletal muscle which therefore underscores their significance as mediators of metabolic and transcriptional processes in this tissue (33) . Hence, Wnt/β-catenin signaling pathway was selected as the target pathway in this study and we questioned whether exercise could regulate insulin resistance via the Wnt/β-catenin pathway in T2DM. In present study, low, medium and high intensity swimming decreased Wnt3a mRNA levels and protein expression, which subsequently elevated GSK3β phosphorylation and reduced β-catenin phosphorylation levels in skeletal muscle of diabetic rats. Our results indicated that swimming could regulate the activation of Wnt/β-catenin pathway in diabetes condition.
Conclusion
In summary, we showed that swimming may be an adjunct or alternative therapy for insulin resistance and metabolic syndrome in T2DM. Insulin resistance and lipid disorder induced by high-fat diet can be effectively improved during an 8-week swimming exercise. The possible mechanism implied that swimming exercise could reduce Wnt3a mRNA and protein expression in type 2 diabetic rat skeletal muscle, and subsequently upregulate GSK3β phosphorylation activity and inhibit the expression of β-catenin phosphorylation. As a result, the inactivation of Wnt3a/ β-catenin signaling reduces the synthesis of fat, improves lipid metabolism, increases glucose uptake and utilization, and relieves muscular atrophy, then finally improving insulin resistance.
